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Abstract

This work presents the design of a dual-axis electrostatic MEMS accelerometer to achieve low
cross-axis sensitivity and low noise while considering the microfabrication constraints of
commercially available multi-user SOIMUMPs process. The suspension beams are designed to
minimize the cross-axis coupling and increase mechanical stability. The MEMS accelerometer
design is optimized using a new optimization methodology to achieve robust dynamic response in
the operating temperature range of —40 °C to 100 °C. The optimization methodology involves the
use of integrated design and analysis of computer experiments, Gaussian process regression,
desirability function approach and FEM simulations. The effect of temperature variations on the
squeeze film air damping force in the electrostatic sensing combs and corresponding effect on the
dynamic response is analyzed and considered in the optimization study. The voltage sensitivity of
the proposed MEMS accelerometer design is obtained by the integration of accelerometer
behavioral model with the readout electronics in the MATLAB Simulink environment. The input

acceleration range for the proposed MEMS accelerometer design is +25 g with cross-axis

sensitivity less than 0.03 % and total noise equivalent acceleration (TNEA) value of 0.2 mg/+Hz.

Key Words: Accelerometer, Computer Experiments, Desirability Function, Finite Element
Method (FEM), Gaussian Process Regression (GPR), Latin Hypercube Sampling (LHS), MEMS,

Optimization.
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Chapter 1. Introduction

1.1 What are MEMS?

The abbreviation MEMS represents microelectromechanical systems, a term first coined
around 1987. Alternatively, it is also called microsystems and micromachines in Europe and Japan,
respectively. Microelectromechanical systems deal with the miniaturization of mechanical
components and systems and their integration with the electronic circuitry. This integration of
miniaturized mechanical components such as beams, gears, springs and diaphragms with electrical
components to make it as one microsystem and hence to achieve desired functionality at low cost,
low power and less size is the basic purpose of MEMS technology. These devices which may vary
in size ranging from few micrometers to millimeters are fabricated by exploiting the techniques
used for integrated circuit (IC) batch production. The main tasks that can be performed using this
technology at microscale include sensing, actuation and control [1].

Form the time when MEMS came into being, a new era of technology started by bringing
innovation in biological [2], chemical [3] and physical [4] sensors and actuators and consequently
making them smarter time to time. One of the main advantages of the MEMS technology is its
compact size it offers for the desired purpose. The characteristic length of any component in a
MEMS device is in the range of 0.1 — 1000 um. Figure 1.1 illustrates the comparison of the size
of MEMS devices with the macro world. As Feynman said in his talk “There is plenty of room at
the bottom” [5], which meant that there is enough possibility to decrease the size of devices from
macro scale to micro scale. Now a days we realize numerous MEMS devices having dimensions
within a range of several micrometers to few millimeters. As shown in Fig. 1.1, the size of MEMS
devices is much smaller than macro scale devices and are comparable to the things at micro scale.
These not only give advantage of using less space but also consume less power and are robust in

their functionality.
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Figure 1.1: Comparison of microscale devices with macro world.

1.2 Benefits of MEMS

Various advantages of using MEMS based technology can be summarized as follows:

e The device can be batch produced in the form of large arrays.

e They are very small in volume and mass and hence take up less space where they are deployed.
e They require less energy and material for their manufacturing.

e They consume very low power for their operation.

e Better sensitivity, accuracy and reliability is achieved.

e Can be easily integrated into systems.

e When produced in large masses, they are very economical.

e Both sensing and actuation can be done simultaneously.
1.3  Applications of MEMS

As the MEMS technology progressed, revealing its more appealing and adjustable features,
it resulted in an increased number of its applications in various sectors. A list of various
applications of MEMS in different areas is given in Table 1. It can be observed that MEMS has
been utilized in almost all the sectors where possible and thus becoming an alternative to
macroscale devices. The MEMS devices which have been used intensively include accelerometers,

16



gyroscopes, magnetometers, microgrippers, pressure sensors, etc. The vast applications of MEMS

devices in these areas prove it to be a very promising field.

Table 1: Applications of MEMS in different fields
Sr.  Application

No. Area

1 Biomedical MEMS actuators as surgical tools, lab on a chip [6] and micro

Usage

pumps for drug delivery systems [7], proteins and glucose
detection in body [8].

2 Consumer Projection screen, microphones, pressure sensors, inkjet printer

electronics heads, data storage, laser scanners, cameras and smart phones

[9].

3 Defense IMUs, Vibration monitoring in aircrafts, energy harvesting
based equipment for soldiers, guided systems for ammunition,
micro air vehicles, surveillance and embedded sensors [10].

4 Automotive  Temperature and pressure sensors, airbag deployment, tire
pressure monitoring, angular and linear position measurement,
engine management [11].

5 Industrial Vibration monitoring in machines, structural health monitoring
(S.H.M.), earthquake detection [12].

1.4 MEMS Inertial Sensors

To find out the position of a body in space, a microsystem is required that must have 10
degrees of freedom (DOF) [13]. This can be achieved by designing a system containing a
barometer, tri-axial accelerometer, tri-axis gyroscope and a tri-axial magnetometer. All of them
are integrated to make as one system which is termed as inertial measurement unit (IMU). MEMS
based accelerometers and gyroscopes generally constitute one class of sensors which is called
inertial sensors. Micromachined inertial sensors is a very promising class of MEMS based sensors
with vast applications in automotive, biomedical and consumer electronics. They are being used

in many types of products such as robots, shock monitoring, computer devices, laptops, smart
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phones, remotes, cameras, toys, electronic gadgets for gaming and wearable sensors. In medical
they are used extensively such as in biomedical devices for monitoring the health of patients. They
are also used in vehicles for their maintenance and better operation (active suspension, tire pressure
monitoring) and safety of passengers (seat belt and air bag release in case of any jerk).

Evidently, micromachined inertial sensors is a fruitful technology having numerous
applications. So, this puts some requirements that these sensors must be available to consumers at
lower costs, must work at low power, having small footprint and are robust to environmental
changes such temperature and pressure. All these requirements can be carried off using MEMS
based inertial sensors which possess above mentioned attributes since they can be batch fabricated
into very large volumes at low costs. They offer a very small device size compared to macro scale

devices, consume very less power and are robust to imbalances caused by temperature.

Table 2: Performance requirements for various applications of MEMS accelerometers [4]
Application Dynamic range Resolution Bandwidth

Stability in video cameras + 100°/sec <0.1°/sec  0-100 Hz

Inertial navigation + 10°/sec <107*°/sec  0-10 Hz
Rollover defense + 100°/sec < 1°/sec 0-100 Hz
Computer control devices + 100°/sec <0.1°/sec  dc-10 Hz
Robots + 10°/sec <0.01°/sec  dc-100 Hz

Table 3: Performance requirements for various applications of MEMS gyroscopes [4]

Application Dynamic range Resolution Bandwidth
Inertial navigation +1g9 <5ug 0-100 Hz
Airbag release + 100 g <500mg  0-0.5kHz
Vibration monitoring + 10 kg <100mg 1-100 kHz
Biomedical +100¢g <10 mg 0-100 Hz

Ammunition + 100 kg 1lg 10-100 kHz
Breakable freight shipment + 1kg <100 mg 0-1 kHz
Space/microgravity +1g <1ug 0-10 Hz

18



Tables 2 and 3 lists various applications of MEMS based gyroscopes and accelerometers
considering the performance requirements i.e., dynamic range, resolution and bandwidth in each.
As it can be seen in the data provided in these tables that a single design of accelerometer or
gyroscope cannot be used for all the applications. Generally, a sensor is designed to work for one
target application while considering the values of its performance requirements. The values for
these requirements are achieved by setting some technical parameters which are also dependent

on the dimensions of the mechanical structure.

1.5 MEMS Accelerometers

Microelectromechanical systems (MEMS) based accelerometers have a very high growing
demand in the market and played a very vital part in making MEMS a profit-oriented technology
[14]. As discussed in previous sections, accelerometers cover various sectors of technology
especially automotive and consumer electronics. In their applications, they have become an
essential part of the systems such as airbag release, inertial navigation, electronic devices for
gaming [15]. Other applications of MEMS accelerometers include structural health monitoring
(S.H.M.), seismic or earthquake, control systems for aerospace, wearable devices, patient health
monitoring and precision navigation [16]. They are also used to monitor the shipment of easily
breakable goods. The use of accelerometers in electronics, smart devices and computers is also
increasing day by day as they take up very less space and consume very less power. They are also
used in laptops to detect their free fall and hence data in the hard disk can be saved timely before
the hit. They are intensively used in vehicles such as for safety purposes to prevent rollover, or in
the case of an accident they help to release airbag so that passenger or driver can be protected from
severe injury. They are also deployed to maintain the level of headlights and in safety alarm
systems. Accelerometers are also extensively used in industry particularly with robots to determine
their position and to control their movement. They are installed in machines where vibration
monitoring is required to ensure safe operation and better functionality otherwise the machine may
experience failure due to prolonged vibrations [17]. Due to these vast number of applications,
accelerometers have gained a very high importance and due to this there is plenty of room to pursue

research to improve their performance and in parallel reducing the size.
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An accelerometer is an electromechanical sensor that is designed to measure different types
of acceleration inputs whether static, quasi-static, time varying or dynamic in nature. For any target
application, the accelerometer device is designed so that it must be capable of sensing acceleration
along all the three orthogonal axes (x, y and z). One approach to do this is by designing a single
axis accelerometer and mounting three of them perpendicular to each other along the required axis.
In this way each single axis accelerometer would sense input acceleration along its sensitive axis.
One advantage of using this topology is that the output signal obtained from any of the axes is not
affected from the other two. Though this approach seems to be useful, but this results in larger
device dimensions and higher costs for packaging. Moreover, there are chances of misalignment
on the design level which occurs due to misalignment of chip package with the die containing
structural layer, misalignment of the sensor chip with respect to the PCB board, misalignment
between casing and PCB or misalignment of the whole sensor with the surface on which it is
installed [18]. A second approach to do this is to integrate three proof masses monolithically on
the same substrate where each proof mass is used to sense acceleration along one of the
perpendicular axes [19]. A very common issue in this approach is that the all the proof masses
have different sensitivities since they have different dimensions and different beams attached to
them which result in performance characteristics that are undesirable specially for applications
where achieving high performance is the main goal [20]. In addition, the large device size and high
sensitivity are still the main limitations in this approach. A third approach to realize multi-axis
accelerometers that consist of a single proof mass is that the sensing elements are attached to that
single proof mass in such a way that they can sense acceleration along each axis [21]. Unlike
previous approaches, this methodology is more likely to output a noisy signal due to the cross-axis
sensitivity which can be minimized using additional circuitry and by careful design of beams.
However, this technique has several advantages as very small-scale footprint can be achieved and
issues such as misalignment and higher packaging costs are avoided. In this scheme, usually a
single proof mass is designed and anchored to the substrate with the help of mechanical beams or
suspension springs. Under an input acceleration in the sensitive axis, the proof moves along that

axis and produces a proportional change in output signal while other axes remain inactive.
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1.6 Literature Review

For the categorization of MEMS accelerometers, they can be classified on the basis of
either transduction mechanisms or based on output metric and frequency of operation. Broadly,
MEMS based accelerometers generally fall into two categories i.e., resonant and non-resonant
accelerometers.

Resonant MEMS accelerometers usually require the design of micro-resonators attached
to the proof mass and a sensing scheme to transduce the input acceleration to a suitable output
signal. Majorly, there are two types of resonant accelerometers that are recently a part of the
research. The first type utilizes the shift in frequency of resonators attached to the proof mass.
Figure 1.2 shows the design of a single axis resonant MEMS accelerometer reported in literature
based on the change in resonant frequency of the resonators attached to the proof mass [22]. As
shown in Fig. 1.2(a), the design consists of a proof mass in the center and is anchored to the
substrate with the help of fixed guided beams. Two beam resonators are also connected to the
proof mass via those mechanical suspension beams. Initially when there is no input acceleration,
the two fixed guided beam resonators on either side of the proof mass are oscillating with the same
resonant frequency. The driving of resonators is done with the help of driving electrodes attached
on one side of the resonator, as shown in Fig. 1.2(b). When an input acceleration is applied in the
vertical direction, the proof mass moves along the same direction and thus produces tension and
compression in left and right resonators, respectively. This tension and compression cause a
decrease and increase in the natural frequency of the resonators. The change in natural frequency
of the two resonators is then taken as an output metric. The frequency is measured using the
transverse motion of the resonators which is sensed in the form of current through a sensing
electrode on the other side of the resonator, as illustrated in Fig. 1.2(b). Several other designs are
also presented in literature that use this method of acceleration sensing along with utilizing
piezoelectric effect [23], sensitivity controlling mechanisms [24]. These types of accelerometers
give quasi-digital output and are usually designed to measure low-g acceleration inputs specially

for seismic measurements [25].
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Figure 1.2: MEMS resonant accelerometer based on frequency shift as output metric [22].

In accelerometer designs that make use of frequency difference as an output metric, the
frequency sensitivity is low and is affected due to temperature changes. To enhance the sensitivity,
a new methodology is also presented in the literature which amplitude ratio of two resonators is
taken as an output metric instead of frequency sensitivity which is considered as second type of
MEMS resonant accelerometers. Two similar resonators in a system oscillate at their natural
frequency and they are weakly coupled to each other through a mechanical or electrostatic spring
of very weak stiffness. Such designs have advantages over previous frequency shift based designs

in terms of better common mode rejection ratio (CMRR) capabilities and higher sensitivity [26].
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Figure 1.3: Mode localized MEMS resonant accelerometer based on amplitude ratio as output
metric [27, 28].
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Figure 1.3(a) presents the design of single axis MEMS accelerometer utilizing two
resonators weakly coupled to each other [27]. Initially, the resonators are resonating at their natural
frequency with equal amplitudes thus giving an amplitude ratio of 1. Due an input acceleration
signal, the movement of proof mass changes the electrostatic gap between them and the respective
resonators. The closing and closing of the gaps induce positive and negative stiffness perturbation
which causes the amplitudes of resonators to changes and thus an amplitude ratio greater than 1 is
obtained which is proportional to magnitude of input acceleration. As the research on this
methodology progressed, it was found out that integrating a third resonator with two resonator and
hence making a 3-DoF system of resonators gives a noticeable increase in amplitude ratio
sensitivity. Figure 1.3(b) shows the example of an accelerometer incorporating a system of more
than two resonators [28]. An issue in this output metric is that under low values of input
acceleration, the amplitude ratio is not a linear function of stiffness perturbation. So, for the same
concept, a new modified output is proposed by Pandit et al. [29] in which two resonator systems
on each side of the proof mass and instead of considering amplitude ratio, amplitude ratio
difference is utilized, thus making the curve linear for the entire range of input acceleration.
Likewise frequency shift based resonant accelerometers, these types of accelerometers find their
applications in which low-g acceleration sensing is desired. An issue in these resonant MEMS
sensors that the resonators suffer from energy dissipation means such as anchor losses due to fluid
damping [30].

The second major category of MEMS accelerometer sensors is non-resonant based. These
designs usually operate at a frequency lower than natural frequency of the moving structure and
their frequency is dependent on the frequency of the input signal. These designs normally consist
of a stationary suspended rigid body termed as proof mass. The movement of this proof mass due
to an input acceleration gives the measure of the acceleration but this movement has to be
transduced using a suitable mechanism. For the design of MEMS based accelerometers specifically
which are based on single proof mass, various transduction procedures are adopted in literature.
The most common of them include capacitive [31], piezoresistive [32], optical [33], thermal [34]
and piezoelectric [35].

All the above-mentioned transduction schemes have their pros and cons as discussed in

detail in [17]. The accelerometers that utilize piezoresistive transduction mechanism have
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relatively simple structural design, fabrication process and readout electronics but they offer less
sensitivity, sensitive to temperature and their device size is large. The capacitive accelerometers
have high sensitivity, better dc functioning, little noise and drift and less sensitive to thermal
changes yet their performance may alter due to electromagnetic interference. Piezoelectric
accelerometers are self-powered, give digital output and have an uncomplicated readout circuitry
but due to leakage current in their materials and larger device size, there appears a trade-off in their

usage. The advantages of optical accelerometers are that multiple sensors can be multiplexed on

Table 4: Summary of the single proof mass multi-axis capacitive MEMS accelerometers

. Sensitivity Mechanical
) Size Input .
Thickness . . . ] B Cross-axis BNEA
Reference Configuration | (lengthxwidth) | Range | Displacement | Capacitive .
(um) 5 Sensitivity (Ho/VHZz)
um (g um/g (fF/g)
(%)
1900 pum
[37] 5 Two axis x 1338 pm 10 0.029 6.9 - 63
(overall)
400 pm
. 2100, 2000,
[38] 0.18 Three axis X 400 um 1 5nm/g 2.46 < 6.6 2100
(proof mass)
450 um
[39] 40 Three axis X 450 um 6 1.72 nm/g - 3 13,13,30
(proof mass)
1000 pm
. 10.5, 16.4, 1.3, 0.86, 0.01,
[21] 30 Three axis x 1000 pm 50 0.01345
3 1.05 0.1415
(overall)
. 274 mV/g,
[40] 35 Two axis - 1 0.043 1.26 9.8,9.9
280 mV/g
515 pm 11.82,
. 180, 180,
[41] 6.97 Three axis X 425 um - 0.019 11.82, - 200
(overall) 19.93
660 um
[42] 12 Two axis X 660 pm 75 0.154 0.58 - 0.29
(proof mass)
11800 pm
[43] 35 Three axis X 4800 ym 4 0.036 220 - 13.2
(overall)
2000 pm
[44] 30 Two axis X 2000 pm 5 0.02 27 <2 8.26
(overall)
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the same cable this limiting cost, weight and size and also, they are immune to electromagnetic
interference [36].

A conclusion can be drawn from above discussion that MEMS capacitive accelerometers
prove to be more suitable for various applications and they are more efficient and reliable. Table
4 presents a summary of single proof mass based MEMS capacitive accelerometer designs
presented in the literature. It can be observed that most of the designs have larger thickness for
structural layer as required for inertial sensing to overcome mechanical noise. The input
acceleration range varies from one design to another because target application is different for each
design. To report the sensitivities, three parameters are defined; mechanical or displacement
sensitivity (um/g), capacitance sensitivity (fF/g) and voltage sensitivity (mV/g). As previously
discussed, cross-axis sensitivity is a pertaining issue in single proof mass based MEMS
accelerometers which need to be minimized. So, cross-axis sensitivities are reported for
comparison. For the design of MEMS devices noise considerations are also important to minimize
them hence enhancing signal to noise ratio. So, reported mechanical noise for each design is also
included in Table 4.

The devices that are inspired from the technology of MEMS involve multiphysics in their
working and design. These devices contain more than one performance parameters which need to
be optimized for the optimal operation. Different methodologies have been proposed and utilized
before to optimize the MEMS devices. The first and simple traditional technique involves the
variation of each factor one by one to analyze its dependency on output parameters and thus using
the optimized value to make final design while considering geometric and process constraints. This
has been done by topology optimization, finite element method (FEM) based models or through
mathematical modelling [45-48]. These techniques lose their efficacy when they are used to
optimize complex designs involving multiple parameters as they work efficiently with relatively
simple designs. Moreover, due to complexity, their computational cost is also on higher side.

For the optimization of MEMS accelerometers several approaches have been proposed.
But these approaches again involve optimization of one or two factors using the above-mentioned
techniques [49-51]. But for MEMS accelerometers optimizing one or two performance parameters
while ignoring others is not a practical approach. Several responses need to be considered while
designing for MEMS accelerometers. The responses include natural frequency, displacement
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sensitivity, mechanical and electrical noises, pull-in voltage and capacitance sensitivity. Natural
frequency depends on the dimensions and stiffness of proof mass. If the natural frequency is kept
high, then we can increase the input acceleration to sense, but the displacement sensitivity would
be very small. However, if the natural frequency is kept low i.e., low stiffness, then chances of
pull-in phenomenon to occur will be increased and input range will be reduced. Similarly, another
import aspect is enhancing capacitance output which is a function of parallel plate electrodes
overlap length and the gap between them. Smaller the gap would be, larger will be the gap but this
leads to high damping between two microstructures and hence mechanical noise will be increased.
So, in order to produce an optimal design will considering all above aspects, a suitable and efficient
methodology needs to be presented.

The use of statistical techniques to optimize MEMS have been a part of research
particularly Design of Experiments (DoE) due to its successful application in various other areas
such as pharmacy [52]. farming [53] and several manufacturing operations [54]. In MEMS, the
concept of DoE has been utilized extensively to develop response surfaces of RF-MEMS switch
[55] and to optimize micromirror [56], RF MEMS switch [57] and MEMS accelerometer [50]. In
this traditional methodology, design matrix is explored for the optimization problem of the design
through a smaller number of experiments leading us to obtain meta-models for considered
optimization parameters. The statistics involved is least-square regression that is due to
randomness caused by variations during experiments. This means that DoE demands physical
experimentation but due to high cost for fabrication and testing, the use of DoE in MEMS is limited
to simulation experiments only which does not output any error. So, the use of statistical model
for simulation-based data that is used in case of physical experimentation to get metamodels is
ambiguous.

The design and analysis of computer experiments (DACE) is a common technique used by
many researchers in various fields to obtain meta-models for output parameters of concern by
performing deterministic computer simulations [58-61]. The methodology uses new techniques to
make a design matrix for computer experiments such as space filling designs. To develop meta-
models, Sack et al. [62] presented a Gaussian process regression (GPR) to be fitted to the data

obtained from computer experiments. So, a prospective combination of computer experiments
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technique with the simulation tool for MEMS such as FEM can lead to new design optimization
methodology and thus can reduce the product development time.

For the capacitive MEMS accelerometers, accurate estimation of the air damping effect on
the dynamic response is one of the most important factors that must be considered at the design
level. Both slide film and squeeze film air damping mechanisms can drastically change the
mechanical sensitivity of the accelerometers [63]. Though, in most of the MEMS accelerometer
designs presented in literature, the effect of air damping on the sensor performance has been
discussed, but there is lack of detailed investigation of air damping effect on the MEMS
accelerometer performance under varying temperature conditions. The effect of air damping on
the suspended proof mass of the accelerometers is generally minimized using etch holes or
increasing the air gap between the suspended mass and bottom substrate. Thus, choice of
microfabrication process technique and its corresponding constraints also play an important role
at the design level in minimizing the air damping effect.

In this work, a single mass, dual-axis capacitive MEMS accelerometer design is presented
considering the process constraints of commercially available low-cost microfabrication process
SOIMUMPs by MEMSCAP Inc [64]. The microfabrication allows to achieve larger structural
layer thickness and reduced air damping. The suspension beams are designed to minimize the
cross-axis sensitivity and increase the mechanical stability. The design is first optimized while
presented a new and efficient optimization technique for MEMS devices. The optimization study
is based on design and analysis of computer experiments and involves FEM simulations to
optimize several output parameters. A detailed analysis of air damping under varying temperature
on the dynamic response of the proposed MEMS accelerometer design is presented. Moreover,
both the capacitance and voltage sensitivity values are obtained considering the readout

electronics.
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Chapter 2:  Accelerometer Design and Modelling

In this section, a structural design for a dual-axis capacitive MEMS accelerometer is
presented followed by its analytical model and a new optimization methodology to optimize
MEMS designs. The analytical model is developed to estimate various output responses such as
the displacement of the proof mass and capacitance change. The optimization methodology is

developed to optimize various parameters related to the design.
2.1  Structural Design

Figure 2.1 shows the schematic of the proposed MEMS dual-axis accelerometer design
developed considering the constraints of SOIMUMPs commercial microfabrication process by
MEMSCAP Inc, USA [64]. The central plate is proof mass which is suspended using T-shape
suspension beams acting as mechanical springs which are attached to the substrate from the other
side. The motivation for using T-shape suspension springs is so that mechanical cross axis
sensitivity can be minimized which can affect the performance of dual-axis accelerometers during
their operation. To prevent the damage or stiction of the proof mass due to any shock or high
acceleration input, circular shaped end stoppers are also attached on each of its four corners. To
sense the input acceleration, parallel plate combs are attached on each side of the proof mass. The
combs on the top and bottom of the proof mass sense acceleration along x-direction while those
on the left and right side of the proof mass sense along y-direction. The combs on each side of the
proof mass are designed to be in the gap and anti-gap configuration so that maximum capacitance
change could be obtained [65]. If the combs were kept with same gap widths on either side of the
proof mass, then there will be negligible net change in capacitance.

To design the combs with gap anti-gap configuration, a ratio of 3:1 is obtained for anti-gap
to gap widths is obtained from literature [66]. However, an optimization technique to find the
optimal ratio of gap and anti-gap widths is presented by Mohammed et al. [44] for single and dual-
axis accelerometer designs and an optimal ratio of 1:3.45 is obtained. For the proposed design,
with the same dimensions of the proof mass, capacitance change is obtained against ratio of 1:3

and 1:3.45 but the obtained difference in the values is very small. The reason is if the gap and anti-
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gap ratio of combs is changed from 1:3 to 1:3.45, then it decreases the number of comb pairs since
the dimensions of the proof mas are kept the same. Hence, the ratio of 1:3 is used for the proposed
design to sense the change in capacitance due to an input acceleration signal. For the widths of
smaller and larger gaps, the minimum feature size offered by the fabrication process is checked
which is 2 um between any two parallel surfaces. But keeping in mind the fabrication tolerance,

the widths of the smaller and larger gaps are kept as 2.5 um and 7.5 um, respectively.
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Figure 2.1: 2D schematic of the proposed dual-axis MEMS accelerometer design.

7

To test the performance of the accelerometer experimentally, it requires acquiring
capacitance signal from each set of parallel plate combs to feed into the readout electronics for
voltage conversion. To acquire the capacitance signals from the parallel plate combs, needs are
placed from on the anchor pads extended after combs. For this purpose, to ensure the better
placement of the probe needles, the stators width must be kept larger enough so that they do not
damage the combs during their positioning. For the proposed design, the width of the stators is
kept 200 um from each side of the proof mass. The thickness of the whole structure is 25 pm and
there is a substantial gap of 400 um beneath this structural layer. This large gap under the structural

layer for the selected microfabrication process is very beneficial as if offers less damping.
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2.2  Working Principle and Mathematical Model

Mass (m,) a

Figure 2.2: Mass-spring-damper model representation for MEMS accelerometer.

The working principle of the accelerometer design can be understood by considering an
equivalent mass, spring and damper model. By considering m,, as the value of proof mass, ¢ as
the coefficient for air damping and k. as the overall stiffness of the beams the equation of motion

for an input acceleration can be written as [67]:
MpX + cX + kgqgx = Fycoswt = myaycoswt (2.1)

where a, is the magnitude of the input acceleration at frequency w and x is the displacement
undergone by the proof mass. On solving Eq. (2.1), the following solution for the displacement of

the proof mass is obtained:

m,a,
" 22)
\/(km - mp(»z)2 + c2w? '
By dividing both the numerator and denominator of Eq. (2.2) with k., and substituting w,, = ::q
D
Cc H H .
and ¢ = E— we get the following equation:
m,a,
X = keq = aO
2 2 (2.3)

- s oY ey

where w,, is the natural frequency of the mechanical structure and ¢ is the damping ratio. Equation
(2.3) represents the relationship between applied input acceleration (at any frequency w) and the

resultant displacement in the proof mass given the parameters stiffness, damping and natural
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frequency are constant. If the frequency w in Eq. (2.3) is equal to the natural frequency w,,, then
it takes the following form:

")) E

wW=w

where —=—— is the amplitude ratio and the term Q is the quality factor of the accelerometer

(")
proof mass. For MEMS designs working at their resonant frequency, the quality factor is kept as
large as possible which is achieved by keeping the natural frequency high and reducing the
damping. However, for the devices operating at frequency below natural frequency, the quality

factor is kept larger as it also indicates less damping in the system.
2.3  Stiffness of Mechanical Suspension Springs

An issue that occurs in the design of MEMS dual-axis accelerometers is the mechanical
cross-axis sensitivity i.e., the undesired movement of the proof mass in the orthogonal direction
while measuring movement in the sense direction. So, keeping this aspect in view, T-shaped
mechanical suspension springs are designed to suspend the central proof mass. A schematic of the

T-spring is shown in Fig. 2.3.
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Figure 2.3: Schematic of the T-shaped mechanical suspension spring.
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Eight such springs i.e., two for each corner are utilized in which four control the movement
along x-direction and four along y-direction. Assuming that the width of all beams in each spring

is equal, the value for the stiffness of one spring can be found analytically as:
ksingle = kl + kz + k2: k1 + 2k2 (25)

where k; and k, are the stiffnesses for the beams L; and L, respectively. As discussed above, for
an input acceleration along either x or y axis, four springs control the stiffness. So, the stiffness or
overall spring constant can be written as [68]:

3 3
keq = 4(ky + 2k;) = 4Et (“L”—_,lf +21) (2.6)

2

where is E the Young’s modulus of the material for structural layer and t is the thickness of the

structural layer.
2.4  Accelerometer Design Parameters

In this subsection, some design parameters that mostly affect the performance of the
accelerometer during its operation are highlighted. The effect of these performance parameters on

the output responses are discussed arising the need for their optimization in later sections.
2.4.1 Mechanical Suspension Spring Dimensions

The design of mechanical suspension springs with dimensions for length and width is
important as it decides the natural frequency of the system along with the dimensions of the proof
mass [69]. Zhang et al. [70] proposed an anti-spring structure to enhance the sensitivity and
stability of the proof mass. Similarly, mechanical cross-axis sensitivity is another issue that occurs
if the springs are not carefully designed. Hence, spring dimensions are kept based on the targe

natural frequency and application.
2.4.2 Sensing Comb Dimensions

For the design of MEMS accelerometers that utilize capacitive transduction, usually

parallel plate combs are designed to bring a change in capacitance as result of movement of the
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proof mass. Mostly parallel plate capacitance combs are utilized to transduce the displacement of
proof mass [44] but efforts have been made to alter the combs shaped such using sloped electrodes
with gaps in the nanometers range [71]. One important dimension that is considered is the overlap
length between moveable and fixed combs as larger the overlap, larger will be the capacitance
output generated, as evident by capacitance formula. Since there is very small gap between two

combs, so increasing the overlap length also increases the value for damping coefficient.
2.4.3 Input Acceleration

Since the main task for the design of an accelerometer is to sense the input acceleration.
But there is a limit to sense this parameter, the upper limit for which depends on the particular
design based on target application. Not all accelerometer designs can sense acceleration in any
range. It depends on how the dimensions of the spring elements are set to achieve desired natural
frequency. So before working of design, input acceleration range based on the target application
is set and hence dimensions of the spring elements and proof mass are set accordingly. This is
necessary because if the stiffness of the proof mass is small and hence the natural frequency, then

the accelerometer is not capable of measuring high acceleration inputs.
2.4.4 Temperature and Pressure

Another important aspect that needs to be considered in the design of MEMS sensors
specially accelerometers is the environmental condition in which the accelerometer is intended to
operate. MEMS accelerometers are designed to be operated in various temperature ranges which
may start from —40 °C to 100 °C and as a result of this temperature change, their performance
affects resulting in a change in the value of output response such as capacitance change due to the
deformation in the structure [72, 73]. Similarly, an accelerometer may be required to operate at
room pressure or at vacuum [74]. For a design to operate in the vacuum environment, it is vacuum
packaged and hence there is a chance in the deformation of the structure due to the induction of
stress [75].
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2.5 Accelerometer Performance Parameters

The design of accelerometer requires the achievement of optimal values for the
performance parameters. Various parameters need to be considered for the design of MEMS
accelerometer to make it suitable to work for the target application. The performance parameters
include natural frequency, proof mass displacement, capacitance change, pull-in voltage,
Brownian noise equivalent acceleration (BNEA), circuit noise equivalent acceleration (CNEA).

2.5.1 Natural Frequency

The frequency at which the system oscillates with the highest amplitude in the absence of
any driving and damping force is known as eigenfrequency or natural frequency of the system.
Natural frequency is related to bandwidth and mechanical sensitivity of the accelerometer design
and there is a trade-off between them [66]. Lower the natural frequency, higher will be the
sensitivity of the design but there is also a decrease in the bandwidth. Natural frequency is given

by the following relation:

k
w, = f Q2.7)
P

where k., is the stiffness of the suspension beams acting as springs, and m,, is the proof mass

value. Eq. (2.7) clearly shows that for a specific application, the desired value of natural frequency

can be obtained by changing the dimensions of mass and suspension beams.
2.5.2 Proof Mass Displacement

Under an input acceleration, the proof mass of the accelerometer undergoes displacement
from its rest position. The amount of this displacement is given by Eg. (2.3) which shows that
greater the magnitude of input acceleration, greater will be the magnitude of displacement.
However, for a given acceleration magnitude, the amount of displacement that a proof mass
undergoes varies due to the change in frequency w and damping ratio ¢. If the damping in the
system is high, then there will be less displacement for the proof mass compared to the

displacement in the absence of damping.
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2.5.3 Capacitance Change

The accelerometer is designed using a rectangular comb finger type differential capacitive
structure as shown in Fig 2.1. With an application of a bias voltage between the proof mass and
stator pads, an initial rest capacitance is developed between the sensing gap (g,) and anti-sensing
gap (g»), as shown in Fig. 3.4 and can be approximated as follows:
C. = N.g,l,t 4 N.g,l,t

2.8
" 81 g2 8)

where C,. is the rest capacitance at static conditions i.e., when no acceleration is applied, N, is the
number of combs on each side of the proof mass, [, is the overlap length, €, is the vacuum
permittivity, t is the thickness of combs and g, and g, are the widths of sensing and anti-sensing

gaps, respectively.
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Figure 2.4: Capacitance between proof mass and stator combs.

Since the output metric is the differential capacitance change i.e., difference of the
capacitances on both sides of the proof mass. When an input acceleration is experienced the proof
mass, the capacitance on one side (say C;) increases and capacitance on opposite side (C,)
decreases. The change in capacitance AC for a displacement x in the proof mass, corresponding to

an input acceleration can be calculated for the proposed MEMS accelerometer design as [77]:

— 280tl0Nc(g% - g%)x
(g7 —x)(g5 —x?)

The capacitance sensitivity of the MEMS accelerometer can be expressed in terms of scale

(2.9)

factor as [78]:
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Sc = %C (F/g) (2.10)

2.5.4 Pull-in Voltage

To sense the displacement of the proof mass of MEMS accelerometer, corresponding to an
input acceleration, initially a bias voltage is applied between the stator and rotor sensing combs.
The maximum value of the bias voltage is limited by the pull-in phenomenon. The pull-in occurs
for an applied voltage when the electrostatic force overcomes the restoring force of the mechanical
spring and moving plate snaps down. The voltage at which this phenomenon occurs is called the

pull-in voltage which can be estimated for the MEMS accelerometer as [78]:

v | Bkeadi @.11)
pt 271,tN, g,

From Eq. (2.11) it can be seen that the pull-in voltage is a strong function of gap between the
combs and the stiffness. The phenomenon of pull-in occurs after the rotor combs have moved one
third of their initial distance from stator combs. So, this means to ensure safe operation of the
device without any damage, the movement of rotor combs i.e., the proof mass must be below this

one third limit for any value of input acceleration.
2.5.5 Brownian Noise Equivalent Acceleration (BNEA)

A phenomenon that occurs with structures with miniaturized dimensions at microscale and
placed in environmental conditions of normal pressure is their collision with the molecules of the
surrounding medium such as air. This is termed as mechanical-thermal noise and the mechanism
is Brownian motion of molecules. The presence of this noise is one of the causes for the
performance degradation of MEMS capacitive accelerometers and is called Brownian noise
equivalent acceleration (BNEA). The Brownian or thermal-mechanical noise results in a random
force acting on the proof mass and is caused primarily due to the damping induced Brownian
motion of the air molecules. The value of BNEA can be estimated using the following relation
[79]:
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4KTw,
BNEA = |——— (2.12)
m,Q
where T is the temperature and Kz is the Boltzmann constant. The value of Ky is
1.38 X 10723m?Kgs~2K 1. Equation (2.12) illustrates that BNEA is dependent on temperature
has direct relation with natural frequency and inverse with quality factor indicating that the proof
mass with higher resonant frequency will be susceptible to more noise. Similarly, the smaller the

damping in the system (i.e., high quality factor), smaller will be the noise.
2.5.6 Circuit Noise Equivalent Acceleration

Another noise that appears during the operation of MEMS accelerometer is the circuit noise
equivalent acceleration (CNEA), caused by interface electronics which is used to convert the
capacitance change into voltage. CNEA can be calculated as [80]:

Cmin

Se

CNEA = (2.13)

where AC,,;,, is the resolution of the interface circuit i.e., how small a change in capacitance it can
detect and S, is the scale factor or capacitance sensitivity per unit acceleration. As can be observed
from Eq. (2.13) that a larger scale factor is required to overcome this noise and hence to increase

signal to noise ratio (SNR).
2.5.7 Total Noise Equivalent Acceleration (TNEA)

The total effect of BNEA and CNEA is calculated by estimating the term called as total
noise equivalent acceleration (TNEA) which can be calculated using the relation shown below
[69]:

TNEA = /(BNEA)? + (CNEA)? (2.14)

For the design of MEMS capacitive accelerometer, the objective is to minimize both these noises
and hence TNEA.
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2.6 Damping in MEMS Capacitive Accelerometer

For the proposed MEMS accelerometer design, both squeeze and slide film damping act as
a dissipative mechanism. For an input acceleration in any given axis, the squeeze film damping
occurs in the sensing stator and rotor combs in that specific axis while slide film damping occurs

in other axis.
2.6.1 Squeeze Film Damping

When a proof mass moves due to an input acceleration, then the combs attached to it moves
towards the stator combs thus compressing or squeezing the air between them and as a result the

air moves follows the path shown in Fig. 2.5.
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Figure 2.5: Movement of fluid due to squeezing effect between two parallel plates.

For the proposed design, the squeeze film damping is more dominant and is dependent on
the viscous, elastic and inertial effects of the air film present between the stator and rotor combs.
The Kinetic state of the thin air film can be divided into different flow regimes based on the

Knudsen number K,, as shown in Table. 5.

Table 5: Classification of flow regimes based on Knudsen number [81]

Flow Regime Range
Viscous flow K,<0.01
Slip flow 0.01<K,<0.1
Intermediate flow 0.1<K,<10
Molecular flow K, >10

The term K, is a dimensionless number and is given as:
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A
K, =

= (2.15)

where 4 is the mean free path of air at a given operating temperature and pressure and g, is the

narrowest air gap thickness. The mean free path of the air can be calculated as [82]:

nKgT

27nair

(2.16)

o=

Where p is air viscosity at atmospheric pressure, P is the air pressure, T is the air temperature and
K5 is the Boltzman constant. For the MEMS accelerometer design with smallest air gap (g,) of
2.5 pm, the value of K,, is 0.027 at atmospheric pressure and room temperature. This shows that
the flow regime for the proposed MEMS accelerometer design lies within the slip flow at room
temperature and pressure. Figure 2.6 shows the variation in the K, values for temperature
variations in the range of —40 °C to 100 °C with K,, values of 0.0236 and 0.0299 at —40 °C and
100 °C, respectively. This shows that for the MEMS accelerometer design, the slip flow regime

remains valid in the desired temperature range of —40 °C to 100 °C.

Knudsen Number

0-022 LA DLELELE DLELELEN BLELELEN BLELELEN BLELELE DL
-40 -20 0 20 40 60 80 100

Temperature (°C)
Figure 2.6: Effect of change in temperature on Knudsen number.
The damping force, acting on proof mass in the MEMS accelerometer, is composed of

viscous and elastic force components. The relative contribution of these two forces is generally

evaluated using a dimensionless squeeze number ¢ which is given as:
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- 12ueff2t2‘° 2.17)
Pgi
where t is the characteristic length and represents the thickness of the stator and rotor combs, p s s
is the effective viscosity, P is the air pressure and g, is the sensing gap size and w is the radial
frequency. At low o values (which is dependent on the frequency of vibrations of proof mass and
Herr Value at atmospheric pressure), the thin air film between the stator and rotor combs is not
compressed completely and viscous damping force dominates. However, at high ¢ values (due to
high values of w or p,sf), the thin film air film between the stator and rotor combs fails to escape
and elastic force component dominates. The term .z is the air viscosity in the slip flow regime
and its value is lower than the actual air viscosity. The p, s is dependent on the K, value and can

be approximated as [83]:

_ B
Heff = 15 9.638K,1 2.18)
Considering Eqg. (2.18), it can be deduced that the squeeze number value and hence whether
dominant damping force mechanism will be viscous, or elastic is dependent on the MEMS
accelerometer operating temperature. Figure 2.7 shows the effect of temperature variations in the
range of —40 °C to 100 °C on the squeeze number.

o
o
o
w
N
N

0.00368-

0.00364

Squeeze Number

0.00360-

0.00356 -
-40 -20 0 20 40 60 80 100

Temperature (°C)

Figure 2.7: Squeeze number vs. temperature graph for a range of —40 °C to 100 °C.
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In addition to the thin film air rarefaction and compressibility, the inertia of the air can also
contribute towards the damping force in the MEMS accelerometer. The thin film air has the
maximum effect of inertia at the widest channel of flow i.e., along the length of combs in
accelerometer. This inertial effect can be explained by estimating the Reynolds number which is

given as [84]:

_ gipw
Herr

R, (2.19)

where g, is the width of sensing gap, p is the density of air and w is the operating frequency of the
MEMS accelerometer. For low values of Reynolds number i.e., R, <<1, the inertial effects are
very small and hence can be ignored. Figure 2.8 shows the effect of the temperature variations in
the range of —40 °C to 100 °C on the Reynolds number for a fixed value of g;, w and p. The results

show that since the R, << 1 in this temperature range, the inertial damping effects can be ignored.
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Figure 2.8: Change in Reynolds number due to the shift in temperature from —40 °C to 100 °C.

For the proposed MEMS accelerometer design, the squeeze film air damping coefficient

can be calculated as:

£1\3
bsql = Nclesr L (_> (2.20)
91
£1\3
bogz = Neters Lo (—) (2.21)
92
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where N, is the number comb fingers along each edge of the proof mass, [, is the overlap length,

Hery Is the effective viscosity of the air and ¢t is the thickness of the combs. The overall squeeze

film damping coefficient by, is thus given as:

bsq = bsql + bsqz (2.22)

2.6.2 Slide Film Damping

For structures having miniaturized dimensions at micro scale and moving parallel to a
surface, they tend to slide the air film between them. This phenomenon is referred to as slide film

damping and the path followed by the fluid is illustrated by Fig. 2.9.

Moving Plate —-

—_—
—
—_——

Z
Stationary Plate

Figure 2.9: Slide film damping between two parallel plate microstructures.
In addition to the squeeze film air damping, the slide film air damping also affects the

dynamic response of the MEMS accelerometer when the rotor combs move parallel to the stator

combs. The slide film damping coefficient for the MEMS accelerometer can be estimated as:

N, A
by, = ~ref2 (2.23)
g1
N, A
by, = ~hef2 (2.24)
g2

where bg;; and b, are slide film damping coefficients due to smaller and larger air gaps
respectively, N, is the number of combs on each side of the proof mass, A is the overlap area of
the combs and g, and g, are widths of sensing and anti-sensing gaps respectively. The overall
slide film coefficient bg; is the sum of bg;; and by;,.

The squeeze and slide film air damping values for the MEMS accelerometer are calculated
to be 5.98 x 10~* Ns/m and 3.84 x 107° Ns/m respectively. This shows that for the proposed
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MEMS accelerometer design, the main damping mechanism is squeeze film air damping. The

damping ratio ¢ containing the effect of both b, and by; can be calculated as [85]

_ Cc _ bsq + bsl
B 2m,wy B 2m,wy

¢ (2.25)

where m,, is the value of proof mass, w, is the natural frequency and c is overall damping

coefficient containing the effect of both squeeze and slide film damping.
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Chapter 3:  Design and Analysis of Computer Experiments (DACE)
based Optimization of MEMS Accelerometer

The methodology adopted to optimize a proposed MEMS dual-axis accelerometer design
is discussed in this section. The optimization process is based on computer simulation experiments
and for this purpose, a design space containing various combinations of input factors is created.
To develop the regression meta-models for each output parameter, Gaussian Process Regression
(GPR) model is used, an overview of which is presented in this section. The optimized values for

input factors are obtained using desirability function approach and verified through simulations.
3.1 Gaussian Process Regression (GPR)

The problems regarding machine learning are generally categorized into three classes i.e.,
reinforcement learning, supervised learning and unsupervised learning. Out of these three,
supervised learning is mostly taken into account and it is concerned about training a relationship
between input and output variables. Considering supervised learning, it may further fall into two
categories i.e., regression and classification where outputs are continuous and discrete variables in
former and later one, respectively [86].

The models inheriting Gaussian process (GP) in their general form may be used for
regression. GP gives the probability distribution over a function i.e., one of the kinds of continuous
stochastic processes. When GPs are used is for supervised learning problems such as regression,
then it is called Gaussian process regression (GPR) which concerns learning a relationship between
outputs and inputs. GP models have been a popular choice to develop regression equations from
computer simulation experiments and analyzing the behaviour of deterministic output parameters
over the entire design region [87]. In this work, GP model is used to do regression analysis; to find
the relationship between output parameters and input factors of the proposed MEMS dual-axis
capacitive accelerometer design. A gaussian process model can be represented in the simplest form
as [88]:

Vi = Uy +2(x;) (3.1
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where p, is the mean and z(x;) is the gaussian process containing ¢2C term, where ¢2 and C are
variance and the matrix for covariance, respectively. For a data set L, = (x;, y;) of R runs, where
i=1,2,...,R, y; represents the value of the output parameter to be optimized and x; is a L-

dimensional input vector of design factor values used in the simulation experiment. The inputs and

outputs in k runs can be represented in matrix form i.e., X = [xq,X3,.....,xg] and y =
[¥1, V2, ... .., Yr] respectively. To find the relationship of output parameter with inputs, an arbitrary
regression function z(x) is determined and it is assumed that the z = [z(x), z(x2), ....., z(xg)]"

acts according to relative to Gaussian process, with mean zero and covariance a2C, which can be
written as [89]:
p(zX) = N(0,5%C) (3.2)

where C represents the covariance matrix that encodes the prior of our understanding between
functions z(x;) and z(x;). The matrix C has elements C;; = c(x;, x;) and can be represented in

matrix form as [90]:

c(x1,%1) c(x1,x3) - c(x1,xg)
C(X, X) — C(xlzl xl) C(x1:' xZ) : C(xZ:' xR) (33)
c(xp,x1) c(xp,x3) - c(Xg, Xg)

To estimate the entries of the above matrix, a suitable covariance function is needed, the
selection for which is very crucial to be used for Gaussian process regression (GPR). The first
restriction for using covariance function is that it should give out a nonnegative and definite matrix
given by Eq. (3.3). Similarly, from GP prior, some properties are revealed like smoothness,
amplitude and length scale. A variety of covariance functions are available (e.g., Matérn,
polynomial, squared exponential, rational quadratic and neural network) and any one of them can
be selected given such that the matrix retains itself to be positive semi-definite and symmetric. For

our case, the most used squared exponential is selected, given as:

L
c(xq,xp) = exp (‘ Z 0;(xqr — xbt)2> (3.4)
i=1
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where L is the number of factors (dimensions of input matrix), x,; and x,, are the values of ;"
factor for subjects a and b respectively. The term 6; (6; = 0) is the hyperparameter and 6; = 0
means that covariance equals to 1 across the range for that i factor and the surface fit by used
model is planar across that specific region.

After training the data set, the task for fitting GPR is to estimate the arrangement of the
estimations of function z¢ at test inputs X* = [x, x5, ..., x5]. To do this, it is assumed that the

isotropic Gaussian is used to distribute output parameter y over z and input X i.e.,
p(¥lz,X) = N(0,0%1) (3.5)

In Eq. (3.5), I represents k x 1 identity matrix. Using the marginalization property for
Gaussian, we can get the marginal distribution for y against input factors X which is given by
equation as follows:

p(IX) = p(ylz, X) p(z|X) dz = N(0, C + o1) (3.6)

After the selection of mean and prior covariance functions, we can evaluate posterior by first
finding the joint distribution of the trained values of output parameters and those values at test
points and then the predictive distribution by implementing the fundamental steps for conditioning

Gaussian as:
y C(X,X)+c%1 C(X,XH
[zt] - (O’[ C(X4,X)  C(X4XH ) (3-7)
p(zt|Xt, ¥, X)~N(z¢, cv(zt)) (3.8)
zt = C(X, X)[C(X, X) + o211y (3.9)
v(z") = C(XL, XY — c(XE, X)[C(X,X) + a1 (X, XY)
(3.10)

=1-CX5X)[CX, X) + o2I]71C(X, XH)

where zt and cv(zt) represents mean and covariance of the output estimates of function values at
test points. Here the test points will be the optimal values that we would obtain from desirability
function approach in later section. The value of hyperparameter 8 in Egs. (3.9) and (3.10) is fit by
minimizing the negative log marginal likelihood as given by following equation [86]:
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1 1 k
—logp(y|X,0) = ElogIC + oiI| + EyT(C + 0Dy + Eloan (3.11)

3.2 Input Factors and Output Parameters

For the optimization of MEMS dual-axis accelerometer design, it is important to choose
input factors that have greater impact on its operation. The values of output or performance
parameters such as natural frequency and proof mass displacement are directly dependent on the
dimensions of proof mass and suspension beams [69]. In this study, the dimensions of the proof
mass are kept the same because of the limited size of the device. Hence, only the change in
dimensions of the suspension beam elements is considered in this optimization study. Since the
thickness of the beam (structural layer) is fixed (25 um), the dimensions that can be varied are the
length and width of suspension beam elements such that their optimized values could be obtained.
Since the transduction mechanism for the accelerometer operation is capacitive, the factors that
affect the capacitance change between combs need to be analyzed. The capacitance between two
parallel plates depends on their overlap area and the gap between them (see Eq. (2.8)). The gap
between combs is kept fixed, so the only parameter that can be changed is the overlap length and
hence its effect on capacitance change and other output parameters is analyzed. The performance

of accelerometer in terms of noise is affected due to change in pressure and temperature [71].

Table 6: Input factors for the MEMS dual-axis accelerometer and their corresponding

two levels
Code Input Factors Lower Value Upper Value
X,  Comb Overlap Length (COL) 150 um 250 pm
X,  Length of Spring Beam-1 (LSB-1) 400 pm 500 um
X5 Length of Spring Beam-2 (LSB-2) 400 pm 500 um
X,  Width of Spring Beam (WSB) 6 um 8 um
X< Input Acceleration (1A) 1 um 25 um
X,  Temperature (T) 233.15K 373.15K
X,  Pressure (P) 100 Torr 760 Torr
Xg  Frequency Ratio (FR) 0.1 0.5
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Changing the values of pressure and temperature cause a change in damping coefficients which in
turn bring a change in BNEA, thus affecting the performance of the device. So, the effect of
temperature and pressure is analyzed while considering them as input factors. The other design
factors used in this optimization study are input acceleration and frequency ratio and its impact on
proof mass displacement and capacitance change is also analyzed. The input factor frequency ratio
is the ratio between obtained natural frequency and any lower frequency in any design run. Table
6 shows the list of the input factors along with their upper and lower values considered in the
optimization process.

The first input factor is the comb overlap length, which is varied from 150 pm to 250 um
based on the available space for the device fabrication. The second and third input factors are
related to lengths of spring elements, the values for which control their stiffness. The fourth input
factor is also related to width of mechanical suspension spring and is also a variable for stiffness
function. So, their upper and lower levels are set to change stiffness over a certain range. The fifth
one is acceleration input which is considered to analyze its direct relationship with output
parameters of interest. The last two input factors are related to surrounding environmental
conditions i.e., temperature and pressure. The effect of change in temperature from —40 °C to 100
°C, and pressure from sub-atmospheric (100 Torr) to atmospheric (760 Torr) is also analyzed on
output parameters. The last input factor is frequency ratio, which is also added in this study to
determine the values of the output parameters at different frequency inputs so that non-linearity
can also be considered.

The output parameters that are selected in this optimization study to be optimized are
natural frequency of the proof mass (Y;), displacement of proof mass under and input acceleration
(Y,), pull-in voltage (Y3), change in capacitance (Y,) and Brownian noise equivalent acceleration
(BNEA) (Ys).

3.3 Space Filling Design Selection

Unlike physical experiments, the determination of space filling design space for computer
experiments depends on two criteria. The first one is that any combination of input factors must

not show up more than one time as replication is usually needed in physical experiments to
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compensate errors. Secondly, the combinations of input factors must spread over the complete area
for the design space, such that various behaviors of the output parameters in contrasting parts of
the space can be analyzed. This reason behind because of complicated behaviour of computer
experiments based simulations, the output parameter’s response can vary over the design space.
Based on above discussion, this leads to the selection of space filling design technique to construct
our design space for MEMS dual-axis accelerometer optimization. Space filling designs have been
commonly used for experimental designs based on computer experiments. Such type of designs
constantly distribute the different combinations of input factors (points) all around the design
space. In the list containing different types of space filling designs, Latin hypercube sampling
scheme has become popular approach for designing computer experiments [91].

Latin hypercube sampling (LHS) approach, first introduced by [92], creates the design
space for input factors considering two objectives: the smallest width linking any two design space
points has be to be maximized, and the points equally cover the complete design space. This makes
sure sufficient degree of freedom to evaluate quadratic and linear behaviours of factors and
discrepancy among values is also reduced. For each design factor, the design point levels are
evenly spaced between its low and high levels. The number of levels for each design factor depends
on the number of runs in the design. The number of runs for simulations is selected depending on
the time, cost, and resources available for conducting the computer experiment. However, for LHS
and other space filling design types, it is proposed that the total number of simulation runs for
computer experiment should be 10X, where X (= 8) is the number of input factors.

For the DACE based optimization of MEMS dual-axis accelerometer design, Latin
hypercube sampling technique is applied using JMP Pro 13 software to create design space
containing the combinations of design factors as shown in Table S1 of the supplementary file.
Considering the time consumed during each simulation run, the number of runs were setto 80 i.e.,
10 runs per each design factor. Figure 3.1 gives a visualization of the design space for each two
input factors. It must be analyzed that using LHS, the points are spaced in a way covering the
entire design space and the chances to analyze different behaviors of output responses are

increased.
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Figure 3.1: Design space to conduct computer experiment for MEMS accelerometer
optimization.

3.4 Desirability Function Approach for Multi-response Optimization

The main goal of this optimization study is to optimize the five output parameters at the
same time. For this a suitable technique need to be selected so that an optimal value for all these
output parameters can be obtained simultaneously. Different methodologies have been presented
previously to optimize more than one output parameters at same instant. These contain approaches
such as loss function [93], distance function [94] and desirability function [95]. In loss function
based technique, outputs are simultaneously optimized by giving the prediction in a function called
loss function. In distance function, an algorithm is built in which linear dependence among various

response parameters are checked and then those set of response variables are chosen having no
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dependence. A function is then developed which evaluates the distance between optimum and
measured value of each response.

The desirability function approach, for optimizing multiple output responses
simultaneously is the widely used approach. This method was originally proposed by Harrington
[96] in the shape of mathematical exponential functions and further improved by [97]. In this
method, an objective function for the responses is defined, and then used to transform the estimated

value of each output response to obtain its scale free value [d;(y,(x))], termed as desirability. The

desirable values for d; range from zero to one, with zero and one representing the least and most
desirable values, respectively. A geometric mean of the desirabilities for each output parameter is
evaluated to describe the complete desirability function. Different functional forms for desirability
have been proposed in literature. The functions given by Derringer and Suich [97] accommodate
non-differentiable target points and thus search methodologies may be used for optimal values.
Later on, Del Castillo et al. [95] presented another function for desirability i.e., piecewise
continuous functions that take care of for non-differentiable points and better algorithms such as
gradient-based may be used to find optimized values for the output parameters. The desirability

function is given by following:

ag+byyi(x) ifL<y;(x)<T-6

_ i) ifT-6<y;(x)<T+56

d:(v: = .

{(7:(%) ot b () T4 <U (3.12)
0 otherwise

where the term § = (U — L)/50 and a,, a4, by and b, are constants. T, U and L are target, upper
and lower values for an output parameter. The polynomial f(yl-(x)) is an approximation that

considers non-differentiable points and is given by following equation:

fri(®) = A+ By;(x) + Cy;(x)? + Dy;(x)* + Ey; (x)* (3.13)

The overall desirability equation which is evaluated by taking geometric mean of all the

desirabilities of the output parameters is as follows:

k 1/2'.Zi .
D(x) = <1_[ dfi) = (dfl % d;z x d;s X X dik) /3 2; (3.14)
i=1
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where X is the vector of input variables, k represents the total count of output parameters that need
to be optimized and z; (0 < z; <1) depicts the significance of every output parameter with respect
to other. The reason for taking geometric mean is that if any undesirable value (d; = 0) is obtained
for any output response, then the overall product becomes unacceptable, and hence the condition
for simultaneous optimization remains valid. It is worth mentioning here that while maximizing
the value of D(x) in Eq. (4.14), the goal for optimizing the output responses is to find the best
combination of input factors, instead of getting the value of overall desirability, D (x) equal to one.

A summary of the complete optimization methodology proposed in this work is given in
the form a flowchart as illustrated by Fig. 3.2. The results for the implementation of all these steps

| Define the Output Responses to be Optimized |

|

| Identify the Input Factors with their Levels |

are discussed in the next section.

Generate Sample 5pace for Simulations
Experiments using LHS

|

Perform Simulations for each Run and Record
Output Responses

!

Fit GPR Model and Obtain Response Surface
Graphs

Is the GPR Model
Justifiable?

Apply Desirability Function Approach and
Obtain Optimal Values for Input Factors

Are Optimal Values
Acceptable Within
Confidence Interval?

Figure 3.2: Flowchart for optimization of MEMS accelerometer based on DACE method.
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Chapter 4: FEM Simulations and Results

After presenting the analytical model and a new methodology in MEMS to optimize dual-
axis MEMS accelerometer design, it is followed by finite element method (FEM) modelling and
simulations. Through these simulations, the efficacy of the presented optimization study is also

checked in this section.
4.1 Microfabrication Process

As discussed earlier, the dual-axis accelerometer is designed to be fabricated using
SOIMUMPs (Silicon On Insulator) Micromachining process, offered by MEMSCAP Inc. USA
[64]. It’s a Silicon on Insulator (SOI) patterning and etching process having four masks. In this
process, SOI wafer is used as starting substrate with thickness of either 10 pum or 25 pum. Below
this 25 um SOI layer, oxide layer and handle wafer (substrate) of thickness 2 um and 400 pm,
respectively are present. The microfabrication process steps for the proposed MEMS

accelerometer design are shown in Fig. 4.1.

(a) (b)
"
(e) -
A A’ &%

Figure 4.1: SOIMUMPs microfabrication process steps for the proposed MEMS accelerometer
design.
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The description of the process steps can be summarized as follows:

a) At start, there is a SOI wafer as shown in Fig. 4.1(a). The SOI layer is doped by keeping a
photosilicate (PSG) layer while annealing it for 1 hour at 1050 °C in the presence of Argon.
The PSG layer is then expelled by means of wet chemical etching.

b) The first layer that is deposited is Padmetal (consisting of 20 nm chrome and 500 nm gold
stack) using lift off process as shown in Fig. 4.1(b).

c) Then the patterning of silicon is done using lithography technique while applying a second
mask. The subsequent etching process is performed using Deep Reactive lon Etching
(DRIE) as shown in Fig. 4.1(c).

d) Next, a third mask level i.e., TRENCH is applied while reversing the wafer and the
substrate layer (400 um) is patterned using the lithography technique and successive
etching is done using DRIE. Finally the outside layer is removed from regions defined by
TRENCH layer by wet oxide etching process and the final suspended structure is obtained

as shown in Fig. 4(d,e).
4.2 FEM Modelling

Various FEM analyses are conducted on the structure of the proposed MEMS
accelerometer in a commercially available tool; CoventorWare® software. These analyses were
carried out to estimate different output parameters that are used in Design and Analysis of
Computer Experiments (DACE) based optimization against different combinations of input factors
obtained from LHS sampling space. These parameters include natural frequency, mechanical
sensitivity/proof mass displacement, pull-in voltage, capacitance change, Brownian noise
equivalent acceleration (BNEA).

As shown in Fig. 4.2, the proof mass and suspension beams in 2-DoF accelerometer model
are meshed using solid tetrahedral elements with total number of 739,599 and 272,580 elements,
respectively. The suspension beams modelled based on Euler-Bernoulli beam theory and are finely
meshed as compared to the proof mass. The above-mentioned output parameters, except BNEA
were estimated while carrying out simulations in CoventorWare MEMS+ module. For the
calculation of BNEA, damping coefficients were first estimated through simulations in

DampingMM module of CoventorWare. These damping coefficients estimated at different
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temperatures and pressures are also given as input for FEM simulations in CoventorWare MEMS+
module. During damping estimations, the squeeze film damping effect is modelled using
Reynold’s equation and is given as [98]:
P,g* P d (P 0d
e () )=
where P is the pressure across the combs in comparison to the atmospheric pressure P, g (g1, g2)

is the width of the gap between rotor and stator combs and d is the width of the gap after the

movement of the proof mass.
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Figure 4.2: FEM meshed model for the dual-axis MEMS accelerometer design.

For the analyses in CoventorWare MEMS+ module, a systematic approach is followed:;
first the material data base file is created, which contains the materials with their properties to be
used in the microfabrication process. These materials are then used to mimic the microfabrication
process in the ProcessEditor tab while giving thickness for each material layer. Then the 3D model
for the MEMS accelerometer is constructed in Innovator tab of CoventorWware MEMS+ module.
The 3D components used to build the 3D model are first made available from ComponentLibrary
tab and the specific material (layer) is assigned to each component. Once the 3D model is

constructed, it can be used to perform FEM simulations which are done in Simulator tab of tool.
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The output parameters such as natural frequency, mechanical sensitivity, pull-in voltage
and capacitance change, needed for the Design and Analysis of Computer Experiments (DACE)
based optimization against each combination of input factors are estimated while carrying out
analyses in Simulator tab of CoventorWare MEMS+ module. This module gives the provision of
carrying out Multiphysics simulations such as coupling between electrical and structural domains
while carrying out electrostatic analysis. To estimate the capacitance change between combs, the
3D model created in Innovator is imported into MATLAB® Simulink and integrated with the tool.
To include the effect of damping at various temperatures and pressures, the same 3D model is also
built in CoventorWare Layout editor and damping coefficients are estimated using DampingMM
module of tool as discussed previously.

The thickness of the SOI layer in the whole structure is 25 pm, with the mechanical
properties of silicon given by SOIMUMPs microfabrication process i.e., Young’s modulus of 169
GPa, density of 2500 K g/m3 and Poisson ratio of 0.29 [99].

4.3 Response Surface Plots for Output Parameters

To record the values of the of the output parameters recorded against each set of input
factors obtained during computer experiment performed on MEMS dual-axis accelerometer
design, the finite element method (FEM) simulation approach as developed and discussed in
section 4.2 is utilized. After recording the values for 80 runs, Gaussian process regression (GPR)
model is fitted to this data using the JMP statistical software and metamodels are obtained. Based
on these metamodels effect of significant input factors on each parameter is analyzed and discussed
with the help of response surface graphs. The whole data for 80 runs is recorded in the form table

as given in the Table S1 of the supplementary file.
4.3.1 Dependency of Natural Frequency (Y4) on Input Factors

The value of hyperparameter 8, for each input factor is set by minimizing the negative log
of likelihood estimate based on Eq. (3.11) and are listed in Table S2 of the supplementary file.
Larger the value of 8 for an input factor, larger will be its impact on the output parameter. From

Table S2, based on the values of 6, it is observed that the input factors X5 (length of spring beam,
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LSB-2) and X, (width of spring beam, WSB) have larger impact on the output response Y; (natural
frequency) with 6 values of 9.7423 x 10~° and 0.35536, respectively. The dependency of natural
frequency on X35 and X, i.e., on the width and length of suspension beam (stiffness elements) is
also in accordance with Eq. (2.7).

For the output response Y, (nhatural frequency), the two-factor interactions are also given
in Table S2. It is observed that the input factors X3 (length of spring beam, LSB-2) and X, (width
of spring beam, WSB) have the highest interaction value of 0.0046 to cause a change in the value
of Y; (natural frequency). The effect of interaction X3.X, on Y; can be further observed with the
help of 3D response surface plot shown in Fig. 4.3, while keeping the values for other input factors
at their mean levels. The plot shows that the value Y; (natural frequency) can be decreased by
increasing LSB-2 and decreasing (WSB). Furthermore, the change in the value of Y; is more
sensitive to change in WSB as compared to LSB-2. When the width of spring beam, WSB is 6 pum,
then change in natural frequency is less affected by the change in length of spring beam, LSB-2 as

compared to when the width of spring beam is 8 pm.
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Figure 4.3: 3D response surface plot showing interaction between LSB-2 and WSB for natural
frequency.
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4.3.2 Dependency of Proof Mass Displacement (Y;) on Input Factors

For each input factor, the value of hyperparameter 6, obtained after minimizing the
negative log of likelihood from Eqg. (3.11) are given in supplementary Table S3. The results show
that the value of proof mass displacement is significantly dependent on X, (width of spring beam,
WSB), Xz (input acceleration, 1A) and X3 (frequency ratio, FR) with values for hyperparameter 8
as 0.335, 0.0055 and 1.2415, respectively. The dependency of proof mass displacement on input
acceleration, frequency ratio (w/w,) and width of suspension beam (stiffness element) also

satisfies Eq. (2.3).
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Figure 4.4: 3D response surface plot showing interaction between WSB and IA for proof mass
displacement.

In Supplementary Table S3, the two factor interactions are also listed for the output
response proof mass displacement (Y,). The maximum interaction is obtained between X, (width
of spring beam, WSB) and X5 (input acceleration, 1A) with value of 0.031. This interaction can be
analyzed using 3D response surface graph as shown in Fig. 4.4. The values of other input factors
are kept at their mean levels. The graph shows that the proof mass displacement can be increased

58



by decreasing width of suspension beam and increasing input acceleration. The change in proof
mass displacement is more sensitive to change in input acceleration as compared to width of
suspension beam. Moreover, the change in proof mass displacement is more sensitive than change
in width of suspension beam, when input acceleration is 25 g, as compared to lower values of input

acceleration.
4.3.3 Dependency of Pull-in Voltage (Y3) on Input Factors

The impact of each input factor on the output parameter Y; (pull-in voltage) is obtained by
estimating its hyperparameter 6, after minimizing the negative log of likelihood using Eq. (3.11)
and the results are given in supplementary Table S4. The value of pull-in voltage is significantly
dependent on X; (comb overlap length, COL), X, (width of spring beam, WSB) and X5 (frequency
ratio, FR). The dependency of pull-in voltage on overlap length and width of suspension beam is

also in compliance with Eq. (2.11).
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Figure 4.5: 3D response surface plot showing interaction between COL and WSB for pull-in
voltage.
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The interactions between the input factors for the output parameter Y5 (pull-in voltage) are
listed in supplementary Table S4. The maximum value of interaction is obtained as 0.00422,
between input factors X, (comb overlap length, COL) and X, (width of spring beam, WSB). This
interaction is further analyzed with the help of 3D response surface plot as shown in Fig. 4.5, with
values of other input factors at their mean levels. It can be depicted from the plot that the value of
Y5 (pull-in voltage) can be increased with the increase in WSB (width of spring beam) and
decrease in COL (comb overlap length). The change in pull-in voltage is more sensitive to width
of suspension beam as compared to overlap length. Furthermore, when the width of suspension
spring is 8 um, the pull-in voltage is more affected due to the change in overlap length as compared

to when the width of suspension spring is 6 um.
4.3.4 Dependency of Capacitance Change (Y,) on Input Factors

Supplementary Table S5 (given in supplementary file) shows the list of values for
hyperparameter 8 for each input factor that are obtained through minimizing the negative log of
likelihood using Eq. (3.11). For the output parameter Y, (capacitance change), the input factors
that have significant effect on its value are X, (width of spring beam, WSB), Xs (input acceleration,
IA) and Xg (frequency ratio), with 6 values of 0.1235, 0.0019 and 0.8767, respectively. Based on
Eg. (2.3) and (2.10), the dependency of capacitance change on width of spring beam, input
acceleration and frequency ratio are also satisfied.

The two-factor interaction between the input factors that cause a change in the value of Y,
(capacitance change) are also given in supplementary Table S5. Among these values, the two-
factor interaction between X, and X5 is found to have maximum value of 0.0381 which is further
analyzed through 3D response surface graph as shown in Fig. 4.6. The graph shows that value of
capacitance change increases on increasing the value of input acceleration and decreasing the
width of spring beam. Moreover, the change in value of capacitance change is more sensitive to
IA and in addition the change in its value more affected due to the change in WSB when 1A=25 g,

as compared to when IA is less than 25 g.
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Figure 4.6: 3D response surface plot showing interaction between WSB and IA capacitance
change.

4.3.5 Dependency of BNEA (Y5) on Input Factors

After minimizing the negative log of likelihood estimate using Eqg. (3.11), the values for
hyperparameter 6 are obtained, which show the comparative effect of each input factor on the
output response BNEA and are listed in supplementary Table S6. The results show that the value
of BNEA is significantly affected by X; (comb overlap length, COL), X, (temperature, T) and X,
(pressure, P). The obtained 8 values for these input factors are 0.000142, 5.2549x10™° and
6.0283x107%, respectively. The dependency of BNEA on temperature and pressure agrees with
Eqg. (2.12).

In Supplementary Table S6, the two-factor interaction values are also listed to analyze the
effect on BNEA due to the change in the input factors. Among these interaction values, the
maximum interaction is found between temperature, pressure and comb overlap length, pressure
with values of 0.007235 and 0.007285, respectively. This interaction can be analyzed using 3D
response graph, shown in Fig. 4.7. Smaller the value of temperature and pressure, smaller will be

the value of BNEA. The change in BNEA is more sensitive to pressure as compared to temperature
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as illustrated in Fig. 4.7(a). However, the change in BNEA is more affected due to the change in
temperature when pressure is 760 Torr, as compared to the pressure value at 100 Torr. Similarly,
as shown in Fig. 4.7(b), the value of BNEA increases due to the increase in comb overlap length

(COL) and pressure (P). Moreover, a linear relation of BNEA with COL can be observed.
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Figure 4.7: 3D response surface plot showing interaction between (a) Pressure and Temperature
and (b) COL and Pressure for BNEA.

4.4  Optimization Results

4.4.1 Objective Function for Optimization

The optimization of proposed MEMS dual-axis accelerometer involves minimizing the
natural frequency, BNEA and maximizing proof mass displacement, capacitance change and pull

in voltage while considering few constraints. The objective function is defined as:

Maximize - Proof mass displacement

Maximize - capacitance change

Minimize - Natural frequency (4.2)
Minimize - BNEA

Maximize - Pull-in Voltage
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such that:

150 ym < OL < 250 ym

400 pm < LS-1< 500 pm

350 ym < L5-2< 500 pm

6um < W5< 8 um

JA=25g

P=760 Torr

T=300K

0.1 <FR<0S5

In the above defined objective function, the values of input factors pressure (P) and

temperature (T) are kept at room conditions because the proposed accelerometer is desired to work
in this environment. Moreover, the value of input acceleration (I1A) is set at 25 g, since it is intended

to test the accelerometer at maximum desired acceleration.
4.4.2 Optimal Values through Desirability Function

After developing the GPR based regression metamodels for each output parameter and
defining the objective function as given by Eq. (4.2), the next goal is to optimize this function. For
the simultaneous optimization of all the output parameters, the desirability function based
approach is used.

Two methods have been commonly used to optimize the desirability function i.e., search
methods (e.g., Hooke-Jeeves method as given by Derringer and Suich [97]) and gradient-based
methods (e.g., generalized reduced gradient (GRG) algorithm). The former method is a derivative-
free approach and can be applied for optimization of objective functions where derivative does not
exist. The later approach requires optimization functions to have continuous first derivatives but
is more efficient and widely used method in industries [95]. The optimization of the objective
function for the proposed MEMS dual-axis accelerometer design is achieved using gradient
descent algorithm. The obtained optimal values for the input factors (except temperature and

pressure) are shown in Fig. 4.8.
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Figure 4.8: The optimal values of the input factors for MEMS dual-axis accelerometer design.
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Figure 4.9: The predicted optimal values of the output parameters based on optimal input

factors.

Figure 4.9 shows the predicted optimized values of output parameters for MEMS dual-axis

accelerometer design based on the optimized values of input factors shown in Fig. 4.8. The overall
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desirability value obtained is 0.688 predicting natural frequency of 3036.37 Hz, displacement of
0.9029 um for proof mass, pull-in voltage of 6.7618 V, 676.213 as change in capacitance and

BNEA of 0.8061 pg/vHz.
4.5 Predicted Output Parameters Verification

The predicted optimal values presented in previous section are verified using the same
computer based FEM simulations that were used in the experiment to check if the optimal values

lie within the 95% confidence interval.
4.5.1 Modal Analysis

Figure 4.10 shows the first three mode shapes obtained from the modal analysis, performed
in CoventorWare MemMech module to compare the natural frequency with the predicted one. The
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Figure 4.10: Natural mode shapes for MEMS dual-axis accelerometer (a) 1 mode along y-
direction 3038.133 Hz, (b) 2" mode along x-direction 3038.133 Hz and (c) 3" mode about z-
direction 3925.195 Hz.

65



first and second modes have natural frequency of 3038.133 Hz with translational displacement of
the proof mass along x and y axes as shown in Figs 4.10(a) and 4.10(b). The third mode is torsional
about z-axis, as shown in Fig. 4.10(c) and has a frequency of 3925.195 Hz. This also depicts that
the required first two modes are well separated from third mode in term of their frequency values.
The natural frequency of 3038.133 Hz obtained through simulation is in good correspondence with
the predicted value and lies within the 95% confidence interval i.e., 3036.98 < 3038.13 < 3039.89.

4.5.2 Harmonic Analysis

Figure 4.11 shows the frequency response curve for the MEMS accelerometer at 25 g
obtained using CoventorWare. The results show a close agreement both in resonant frequency and
proof mass displacement amplitude. The results show that at maximum value of input acceleration
i.e., 25 g and at room temperature and pressure conditions, the displacement in the proof mass is
185.5 pum at resonant frequency. This value is much higher than the initial air gap of 2.5 pm
between the stator and rotor combs of the MEMS accelerometer. However, at the predicted value
of frequency ratio (FR=0.5), the displacement amplitude of the proof mass is 0.898 um, which is
in good correspondence with the predicted value of 0.9029 um and lies within the 95% confidence

prediction interval i.e., 0.888 pum < proof mass displacement < 0.919 um. Moreover, considering
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Figure 4.11: Frequency response curve of the MEMS accelerometer proof mass under 25 g.
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the constraints for the operation of non-resonant MEMS capacitive accelerometer, the operational
bandwidth region must be linear. This constraint calls for limiting the frequency ratio (FR) value
at 0.15, the point at which the frequency response curve in Fig. 4.11 maintains a linear behavior,
thus giving us a bandwidth region of 0-450 Hz for the operation of MEMS dual-axis accelerometer

design. The observed value of the proof mass displacement in bandwidth region is 0.688 pum.
4.5.3 Analysis for Pull-in Voltage

To verify the value of pull-in voltage obtained from desirability function, an analysis is
done in CoventorWare MEMS+ to obtain a graph for proof mass displacement against biasing
voltage as shown in Fig. 4.12. The graph depicts that the phenomenon of pull-in occurs at an
applied voltage of 6.788 V and shows a good agreement with predicted one i.e., 6.7618 V. the
obtained value also lies in the 95% confidence interval: 6.444 V <6.788 <6.998 V.

0.51

Proof Mass Displacement (um)

0 1 2 3 4 5 6 7 8
Bias Voltage (V)

Figure 4.12: Displacement in proof mass due to applied bias voltage across combs.

4.5.4 Verification of Capacitance Change

For the analysis of capacitance change to verify the predicted value, the CoventorWare
MEMS+ module is interfaced with Simulink tool of MATLAB. A voltage difference of 2.25 V is
created between electrodes since the mechanical part of the design has to be interfaced with

suitable electronics to convert capacitance change into voltage, which is MS3110 [100] for our
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case having requirement of 2.25 V. The accelerometer is given an input signal of magnitude 25 g,
at an oscillating frequency of 1519 Hz (FR=0.5), as shown in Figure 4.13(a). This causes a change
in the value of gap and antigap capacitance as illustrated in Figs. 4.13(b) and 4.13(c) respectively.
Due to the change in these capacitance values, a capacitance change equal to 694 fF is obtained.
This value is in good agreement with the predicted capacitance change of 676.213 fF and lies
within the 95% confidence prediction interval i.e., 617.226 fF <694 fF < 734.438 fF. As discussed
in frequency response analysis section, the working of the accelerometer is limited to frequency
ratio of 0.15 due to requirement for its linear operation, so the value of capacitance change is also
estimated at 450 Hz i.e., within the bandwidth region and results are shown in Fig. 4.14. The results
show that under an acceleration of magnitude 25 g and at frequency of 450 Hz, a change in

capacitance of 523 fF is obtained within the linear bandwidth region.
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Figure 4.13: Analysis for capacitance change at predicted value of frequency ratio; (a) input
acceleration; (b) change in gap capacitance; (c) change in anti-gap capacitance.
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4.5.5 Verification of BNEA

To verify the predicted optimized value of Brownian noise equivalent acceleration
(BNEA), damping coefficients for slide and squeeze film damping are estimated first using
DampingMM module of CoventorWare software 300 K and 760 Torr. After the coefficients are

estimated, the value of BNEA is evaluated based on optimal value of factors and using Eq. (2.12).
The obtained value is 0.8054 ug/+/Hz, close to the 0.8061 pug/+/Hz; being predicted by desirability
function and remain in the 95% confidence interval; 0.7901 pg/v/Hz < 0.8054 pg/v/Hz < 0.8221
ug/VHz.

4.6  Mechanical Displacement and Capacitance Change

For the final design, proposed in this paper based on the obtained optimal values of input
factors and output responses, it is important to estimate the mechanical and capacitance cross-axis
sensitivities during the operation of the accelerometer under an input acceleration. Also, the change

in the value of proof mass displacement and capacitance change also need to be analyzed.
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Mechanical cross axis sensitivity is due to the movement of the proof mass in the orthogonal
direction with an input acceleration in the sense direction. Figure 4.15 shows the change in the
proof mass displacement in both x and y directions with acceleration magnitude ranging from
—25 g to +25 g along x-direction. The plot shows that the change in the displacement of the proof
mass is perfectly linear in this range and from the slope of the graph for x-axis displacement,
mechanical sensitivity of 0.0275 pm is obtained. The cross-axis sensitivity of proof mass along y-

axis due to input acceleration in the x direction is 0.0002 % only.
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Figure 4.15: Input acceleration (x-direction) vs. proof mass displacement for range —25 g to +25
g (CoventorWare).

As discussed earlier, a capacitance change occurs in the sensing axis due to the change in
gap between the rotor and stator combs with the displacement of the proof mass corresponding to
an input acceleration. However, there is also an unwanted capacitance change in anti-sensing axis
due to the change in overlap area between the stator and rotor combs, which is termed as cross-
axis capacitance. Figure 4.16 shows the change in capacitance in the sensing axis (x-axis) along
with the change in cross-axis capacitance (along y-axis) for acceleration range of —25 gto +25in
the x direction. The graph shows that the change in capacitance is nearly linear and from the slope
of the fitted regression line, capacitance sensitivity of 20.4 fF/g is estimated. The resulting
capacitance cross-axis sensitivity is 0.028 %. The value of cross-axis cross results in a mixed signal

at the input of interface circuit. This requires additional electronic techniques like frequency
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division multiplexing to extract the desired signal [101]. The resulted circuit noise equivalent

acceleration (CNEA) based on Eq. (2.13) is estimated to be 0.196 mg/v/Hz.
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Figure 4.16: Input acceleration (x-direction) vs. capacitance change from -25 g to +25 g
(CoventorWare).

4.7 Integration of Readout Electronics with MEMS Accelerometer Model

For MEMS accelerometers, that utilize capacitive transduction mechanism to sense input
acceleration, the signal output is weak, which requires a capacitance reading circuit design to
convert the output capacitance change into suitable voltage form and thus resolution can also be
increased. For this purpose, the proposed MEMS dual-axis accelerometer is assumed to be
interfaced with a capacitance change to voltage conversion, Universal Readout IC™ MS3110
[100]. This integrated circuit is capable of estimating both differential and single capacitors outputs
and can measure capacitance change as low as 4 aF/v/Hz. Figure 4.17 illustrates the integration of
MEMS dual-axis accelerometer design with MS3110. A simplified block diagram is attached with
MATLAB Simulink module of accelerometer design which is imported from CoventorWare
MEMS+.
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Figure 4.17: Block diagram illustration for integration of the MEMS accelerometer
CoventorWare MEMS+ model with MS3110 IC.

The functioning concept of this readout for the estimation of differential based capacitance
change is centered on charge amplification, then sample and hold. This is followed by a low-pass
frequency filter and finally a buffer amplifier. For biasing, 2.25 V are applied between stator and
rotor combs. With an input acceleration along x-axis, the capacitance change between output
terminals Capl and Cap3 of the MEMS+ model and with an input acceleration in y-axis, the
capacitance change between the output terminals Cap2 and Cap4 of the MEMS+ model are given
as an input to the MS3110 IC. However, to explain the working, the circuit block diagram to
measure capacitance change for acceleration along x is considered only. Two capacitors CS;;y and
CS,;y represent the capacitance input from MEMS accelerometer and are thus equal to Capl and
Cap3 respectively. To nullify the capacitance mismatch between these two input capacitors, the
values of the capacitors CS1 and CS2 can be adjusted. Ideally, if there is no capacitance mismatch,
then the difference CS; — CS, is zero. A square wave amplitude V2P25 is given as an input to
MS3110. The output voltage produced by MS3110 is in the range of 0.5 to 4 V. The transfer
function to find the output voltage of the MS3110 is given by:

2AC
Vour = 114 X G X V2P25 X ——+ Vs (4.3)
F

where the buffer gain G has the value of 2; V2P25 and V.., are set to 2.25 V; AC is the change in

capacitance (CSyr — CSyr); CSir = CSyny + CSy; CSyr = €S,y + CS,. Suppose that there is zero

mismatch between the capacitances that take input, so the term CS; — €S, = 0 and AC will only

be equivalent to the difference of the capacitances Capl and Cap3, obtained from analysis for

capacitance change. The capacitor Cr (=3.2 pF) is the feedback capacitor and its value can be

adjusted to program the gain of the charge amplifier and to limit the voltage output from 0.5 to 4
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V. Moreover, the buffer amplifier gain and the frequency bandwidth of the low pass filter can also
be programmed. For the proposed MEMS accelerometer, the output voltage is obtained for an
acceleration of —25 g to +25 g, as illustrated in Fig. 4.18. The graph shows that the obtained output
voltage is within the measurement limits i.e., 3.93 V for +25 g and 0.573 V for —25 g. Moreover,
a voltage sensitivity equivalent to 65.4 mV/g is obtained for final optimized MEMS accelerometer

design.

L
t
T

3=0.06542+2.2501

Output Voltage (V)
a N o e

=
T

25 20 <15 10 -5 0 5 10 15 20 25
Input Acceleration (g)

Figure 4.18: Output voltage vs. input acceleration graph obtained from MS3110 model.
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Chapter 5:  MEMS Capacitive Accelerometer Design 11

As a supplemental part of this work, a design of capacitive MEMS accelerometer is also
developed and analyzed while taking care of limitations and constraints of commercial process.

Few basic analyses are performed on this proposed design to verify its working and performance.

5.1 Schematic of the Proposed Design |1

Rotor Combs Stator Combs End Stoppers

Proof mass I Anchor " Electrical Isolation I Spring

Figure 5.1: Visual representation of proposed capacitive MEMS accelerometer design 1.

Figure 5.1 shows the single proof mass based single axis electrostatic MEMS
accelerometer using the rules given by SOIMUMPs commercial microfabrication foundry. The
design of one proof mass in the center which is hanged over the substrate using serpentine shaped
mechanical springs. The other end of these springs is connected to the anchors of the respective
side. Following the limitations of the process, anchors are kept outside and to make different
electrodes i.e., to make separation between two electrical units, electrical isolation is used as shown
in the schematic in Fig. 5.1. To sense the mechanical movement of the proof mass as a result of
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input signal which is acceleration, topology of rectangular shaped combs is deployed. These combs
are again designed in gap and anti-gap arrangement. To decide the ratio of gaps for this
arrangement, the width of larger gap is kept equal to 3.45 times of the smaller gap, as obtained in
optimization study presented by Mohammed et al. [44]. Unlike designs reported previously in
literature [44, 66, 69] which utilize single proof mass and to sense its movement, combs are
attached along the edge of the proof mass in one direction only to generate a capacitance change.
However, greater the number of comb pairs, greater will the capacitance output. So, in order to
enhance the capacitance output, this design also utilizes the other two edges of the proof mass
while designing rectangular branch segments on which additional combs are incorporated. To
prevent the damage of the design in case of motion of proof mass beyond its limit, round stoppers
are also designed. The analytical model to determine the motion amplitude of the proof is the same
as given by Egs. (2.1)-(2.3) in Chapter 2 of this work. For damping calculations, the same
analytical equations can also be utilized as given in section 2.6. The summary for the dimensions

of the proposed design is given in Table 7 shown below:

Table 7: Dimensions for various parameters of the proposed MEMS design

Parameter Value
Thickness for structural layer (t) 25 pm
Mass value of Proof mass 4.754 x 107 Kg

Dimensions of the proof mass (Im x W) | 3000 m x 2000 pm

Rectangular branch segment (I, x wp) | 1000 pm > 50 pum

Total combs (nc) 670

Comb length (lc) 300 pum
Overlap length between combs (lo) 290 pm
Width for larger sensing gap (d2) 12.075 pm
smaller sensing gap width (d1) 3.5 um
End stopper (radius) 3 um
Mechanical spring width (ws) 14 pm
Mechanical spring length (Is) 405 pm
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5.2  Analytical model for Mechanical Spring
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Figure 5.2: schematic for mechanical spring.

As discussed above, a serpentine shaped mechanical spring is used to suspend the central
proof mass. An analytical equation to determine the equivalent stiffness k, of the spring shown in
Fig. 5.2 is required which is developed using the methodology of series and parallel combination
of springs. Four similar springs are used with the proof mass and in each of them consist of three
microbeams connected in series which are labelled as A, B and C. The equation to find stiffness of
microbeams can be written as:

1_1+1+1 5.1
5ok ke 1)
AL (5.2)
T '

where k; represents the stiffness of one of the four springs, E is the Young’s modulus of silicon, ¢
is the thickness of silicon structural layer, I, and w, are the length of width of each microbeam,
respectively. Since, all the four springs are in parallel combination, so the equivalent stiffness can
evaluated using [68]:

4Etw?

ke:4k]: 3]3
S

(5.3)

5.3 FEM simulations and Results

The rest the work for design Il consists of estimating various performance parameters using
FEM simulations and representation of their results. The simulations are done in commercially
available softwares; CoventorWare® and MATLAB® Simulink.
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5.3.1 Analysis for Natural Frequency

To find out the mode shapes and the values for natural frequency of the proposed design,
modal analysis is carried out on the system in CoventorWare tool. Figure 5.3 depicts the first two
obtained mode shapes for this design where first the first mode which has planar movement along
x-direction has a frequency of 3.47 kHz and this is the required mode since the proof mass is
supposed to move in this direction. This second mode has out of plane motion i.e., along z-direction

with a frequency of 5.30 kHz.
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Figure 5.3: Eigen mode shapes for single axis accelerometer; (a) 1% mode along x-axis (3.47
kHz): (b) 2" mode along z-axis (5.30 kHz).

5.3.2 Frequency Response Analysis

To determine the forced frequency response of the design at different input acceleration
signals, harmonic analysis is performed while applying an input acceleration in steps of 10 g.
Figure 5.4 shows curves obtained for different acceleration inputs i.e., from 10 g to 50 g and from
the continuity of these curves it can be concluded that displacement of the proof mass has direct

relationship with the magnitude of input acceleration. Similarly, the curves show a linear behaviour
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in the region of starting frequency and is this is the desired operating region since linear operation

is required.
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Figure 5.4: Harmonic response for MEMS accelerometer obtained at different acceleration
inputs (10 g — 50 g).

5.3.3 Estimation of Pull-in Voltage

As discussed for the design presented before, the pull-in voltage is an important
performance parameter which needs to be estimated to obtain the threshold voltage that can be
applied for the working of the design. The mathematical equation to estimate pull-in voltage is the

same as represented by Eq. (2.11).
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Figure 5.5: Pull-in voltage graph for the proposed design.
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For this design, analysis for pull-in voltage is also done while giving varying voltage over
a range of 0 to 10 V as shown by Fig. 5.5 and from the graph it can be concluded that pull-in
phenomenon will occur if biasing voltage greater than or equal to 9.8 V is applied. So safe

operating region for the design to work is below this pull-in value of 9.8 V.

5.3.4 Transient Study

To analyze the performance of the system when it moves from one steady state to another,
transient analysis study is done the system of proposed design. As illustrated in Fig. 5.6(a), a input
signal of magnitude equal to maximum allowable acceleration i.e., 5-0 g is applied dynamically at
100 Hz oscillating frequency. At start, before the signal the proof mass is stationary and initial
delay of 5 ms is set to give the system sufficient time to reach steady state. From Fig. 5.6(b), it can
be seen that before reaching to a new steady state, the proof mass oscillates and signal fall and rise
time duration is 0.7 ms and on time is equal to 6 ms. The motional amplitude of the proof mass is

1.04 um for this acceleration and hence the mechanical sensitivity is 0.021 pm/g.
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Figure 5.6: Obtained results of the transient study done on accelerometer using MATLAB and
MEMS+.
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5.3.5 Simulation for Capacitance Change

The main analysis of this study is to determine the capacitance change output when
subjected to an input acceleration signal. Hence Multiphysics is developed with the integration of
CoventorWare MEMS+ and MATLAB. Figure 5.7 illustrates the curve for capacitance change
from —50 g to +50 g which reveals that the performance of the design in terms of capacitance
output is almost linear with 4 pF as the maximum change in capacitance for +50 g. Moreover, the

value of rest capacitance is obtained as 10.26 pF and a capacitance sensitivity of 80.1 fF/g is
estimated.

Capacitance change (pF)

50 -40 -30 -20 -10 0 10 20 30 40 50
Input acceleration (g)

Figure 5.7: Capacitance change output against input acceleration for a range of —50 g to +50 g.

5.3.6 Discussion

Some of the other performance parameters for MEMS accelerometers include bandwidth,
resolution, voltage sensitivity and quality factor. From results of the harmonic analysis shown in
Fig. 5.4, the response is linear for a frequency range of DC-300 Hz, so this range can be considered
as working bandwidth of the proposed design. The quality factor of the proof mass based on Eq.
(2.14) is evaluated as 8.7. The resolution of the design depends on the capacitance sensitivity and
the minimum detectable capability of the interfaced circuit. For our case, these values are 80.1 fF/g
and 4 aF respectively and based on these values to the minimum motion of the proof mass that can

be sensed can be against input acceleration as low as 2 mg.
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5.3.7 Comparison with Literature

Table presents the comparison of the performance parameters of the proposed design with
the ones reported previously it the literature [44, 66, 69]. For the proposed design for which the
target application is inertial navigation, the performance parameters are comparable with others.
The other designs are realized for different target applications such as seismic and low g. So natural
frequency is set according to the requirements. If compared in terms of size, the designs an

improvement in the value of the capacitance change as output. Similarly, the value of Brownian

noise equivalent acceleration is also minimized.

Table 8: Comparison of the performance parameters with literature

Quality factor

Parameters This design [44] [66] [69]
Diemensions Ammx39mm | 2mmx2mm | 57 mmx23mm | 6 mm x 3.6 mm
Accelearatioon range +50g + 59 +59 +29
Resonant frequency 3472.13 Hz 4255 Hz 1430 Hz 503.803 Hz
Thickness (t) 25 um 30 um 30 um 4 pm
Mechanical sensitivity 0.021 pm/g 0.014 pm/g | 0.121 pm/g 1.075 pm/g
Capacitance sensitivity (cs) | 80-1 fF/g 35 fFlg 225 fFlg 66.7 fF/g
CNEA 49.93 pg/NHz | 114.3 png/NHz | 17.78 pg/NHz 3.166 pg/NHz
BNEA 0.953 ug/NHz | 24 pg/NHz 0.364 ug/NHz 4.64 ng/\NHz
Bandwidth DC-300 Hz : DC-100 Hz DC-250 Hz

8.7 0.136 13 0.767
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Chapter 6:  Conclusions

This work reports a detailed working on the design of MEMS capacitive accelerometers
considering the SOIMUMPs microfabrication process as target foundry for fabrication. A major
part of this work deals with the design of a dual-axis MEMS capacitive accelerometer while
presenting a smart, cost effective and time efficient design approach. This approach includes the
optimization of dual-axis accelerometer using linked design and analysis of computer experiments
and desirability function technique while using gradient descent algorithm.

The output parameters considered in the optimization include proof mass displacement,
resonant frequency, capacitance change, Brownian noise equivalent acceleration (BNEA) and
pull-in voltage. The optimization of these output parameters is done while finding the optimal
values for input factors i.e., comb overlap length, width and lengths of mechanical spring beams,
frequency ratio, temperature, input acceleration and pressure. At the beginning, a design matrix is
made using Latin hypercube sampling technique of space filling design for computer experiments,
then simulations based experiments are performed for each run as dictated by the design matrix
and values of output responses are noted. Then meta-models are obtained by applying Gaussian
process regression model using JMP statistical software to check the dependency of important
input factors on each output parameter. Finally, to get the optimal values, an objective is defined
which is later optimized using desirability function-based approach. The optimization method
reveals the optimal values of 153.6 um for overlap length between combs, 403.6 um and 500 um
for the two lengths of spring beams, 6.2641 pum for the width of beams, 25 g for maximum input
acceleration, 300 K for temperature, 760 Torr for pressure and 0.5 for frequency ratio. The
predicted values of output parameters are 0.8061 pg/v/Hz for BNEA, 676.213 fF for change in
capacitance, 3036.37 Hz for natural frequency, 6.7618 V for pull-in voltage and 0.9029 um for
mechanical displacement of proof mass with 0.688 as the value for total desirability. these
predicted optimal values are later verified via FEM simulations and obtained values remained in
the 95% confidence interval. Thus, the proposed methodology for optimization can be considered
as efficient and robust and can be applied to other MEMS designs that have complex geometry

and multiphysics involved.
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After optimization, the works presents subsequent analysis done on the design which start
with estimating mechanical and capacitance cross axis sensitivities which come out to be 0.0002
% and 0.028 %, respectively. Since the final output metric is voltage, so to estimate the voltage of
for each value of acceleration, behavioral model of the design is integrated with Simulink tool of
MATLAB in which a circuit is designed to mimic the operation of commercially available
MS3110 IC and a curve showing the change in output voltage due the change in input acceleration
is obtained. The total noise equivalent acceleration is found as 0.2 mg/v/Hz and the obtained
working range for the design is +25 g.

The second part of the work presents the design of a capacitive MEMS accelerometer that
focuses on the improvement in the design to enhance capacitance change and hence voltage
sensitivity. This is achieved by designing rectangular shaped branch segments with the central
proof mass to incorporate more combs. The performance is evaluated while estimating natural
frequency, noises, pull-in voltage and change in capacitance and obtained values are 3.47 kHz for

natural frequency, 9.8 V for pull-in, 80.1 fF/g for capacitance sensitivity and 0.953 pg/NHz for
BNEA.
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